The discharge of agricultural chemicals (i.e., soil-fertilizer nutrients and pesticides) in runoff waters is important from both agronomic and environmental standpoints. Presented here is an overview of our current concepts and approaches employed for describing this discharge, based on studies we have conducted over the past decade. Most of our field testing and validation of concepts regarding chemical discharge has focused on approximately 24 grassland and cropland watersheds across the Southern Plains. Chemicals considered include N, P, K, 5, atrazine [2.chloro.4(ethylamino)-6-(isoprOpylaminO)-Striazinel, alachlor (2-chloro-2 ,6' .diethyl .N.(methoxymethyl) acetanilide], and cyanazine [2. [[4.chloro-6-(ethylamino)-s1raZine-2-Yl] amino] -2.methylpropionitfllel. Soluble chemical discharge has been described by kinetic desorption and uniform or nonuniform mixing approaches, incorporating parameters reflecting watershed management and the nature of the surface soil x precipitation interaction. Particulate chemical discharge has been described by the relationship between the discharge enrichment ratio (chemical content of eroded sediment/source soil) and soil loss. Special situations considered include type of tillage, computed water and sediment runoff, severe storms, bioavailability of P, cover crops, and manure applications. For the most part, predicted chemical discharge values compared favorably with their measured counterparts, r2 values often being >0.9. Further research needs include refinement and development of the prediction equations, data bases, runoff indices, and multidisciplinary systems.
T HE NEED for more definitive information about the discharge of agricultural chemicals (i.e., soil-fertilizer nutrients and pesticides), stems from both agronomic and environmental concerns. Agronomic interest centers on loss of soil productivity, whereas environmental interest centers on degradation of surface water quality. Excessive accumulation of agricultural chemicals in surface water may pose health and/or eutrophication problems, rendering the water unfit for drinking, recreation, industry, or fishery purposes (USEPA, 1976 (USEPA, , 1984 .
Agricultural chemicals may be discharged in both soluble and particulate forms, resulting in a dynamic process as transport occurs from a farm field to the receiving water body. Consequently, mathematical descriptions of the transport process can be complex, necessitating numerous simplifying approximations and assumptions (e.g., Ahuja, 1986; DeCoursey, 1990; Knisel, 1980; Sharpley et al., 1988a; Smith et al., 1991) .
For more than a decade, we have been involved in various laboratory, field plot, and watershed studies involving agricultural chemical behavior (e.g., Ahuja et al., 1982; Sharpley and Menzel, 1987; Smith et al., 1990) . Much of this focus has centered on the behavior of N and P. the two plant nutrients most frequently associated with impaired water quality. In particular, the prime role of P in accelerating eutrophication of water bodies has focused our attention on the measurement of bioavailable P (i.e., that P available for uptake by algae) in both soils and runoff waters Sharpley et al., 1991d; . T his P is comprised of both soluble and particulate forms. Although soluble P is immediately available for algal uptake (Peters, 1981) , particulate P can provide a longterm and potentially larger source of P for aquatic plant growth once particulate material is deposited in a water body (Wildung et al., 1974) . Our attention to bioavailable P resulted from a lack of routine methodology and an inability to reliably assess the impact of P discharge in runoff on biological productivity, using criteria based on soluble P and total P discharge in runoff on biological productivity, using criteria based on soluble P and total P discharge in runoff only (Gray and Kirkland, 1986; Sharpley and Menzel, 1987) .
In this article, we bring together and treat in a single overview our current concepts and approaches used to describe agricultural chemical discharge in surface water runoff. Applications are updated and delineated according to land use and tillage, based mainly on croplandgrassland watershed data from the Southern Plains.
DISCHARGE EQUATIONS Soluble Chemicals
As soluble chemicals move in runoff across the land, they interact with a thin zone of the surface soil. When the original data were first assembled for the CREAMS model (Knisel, 1980) , information on an effective depth of interaction (D) was lacking and arbitrarily assumed to be 10 mm. Subsequently, we addressed this topic utilizing a simulated rainfall approach Ahuja and Lehman, 1983; Sharpley et al., 1982) and found that a value of D closer to 2 mm was more generally appropriate. Factors found to influence D included rainfall intensity, soil slope, cover, and residue incorporation (Sharpley, 1985a) . The effect of the factors on D (mm) was summarized by soil loss (kg ha -') as:
where i is a function of surface soil aggregation. Although a value for D can be calculated for a given runoff event, this depth will actually vary with time during an event and spatially with nonuniformity of surface soil and slope.
In conjunction with these studies, we observed that soluble P in runoff could be described by a soil P desorption equation . Testing with the simulated rainfall approach showed this desorption equation to be more versatile than discharge equations involving partition coefficients or equilibrium relationships (Ahuja et al., 1982; Sharpley et al., 1982) . This is because the desorption equation incorporates parameters describing depth of surface soil x runoff interaction, storm duration, and the runoff water/suspended soil ratio. The desorption equation assumes a kinetic-unidiffusion (Ahuja, 1986 (Ahuja, , 1990 and related diffusion form mixing model and may be written as:
processes (Wallach et al., 1988; Emmerich et al., 1989; = KPaDBta WI /V [2] Wallach and Shabtai, 1992) .
where 'r is storm event average soluble P concentrations of runoff (mg L-'), K, a, and 13 are constants (related to surface soil clay and organic C content), Pa is soil available P content (mg kg'), D is effective depth of interaction between surface soil land runoff in soluble P transport (mm), B is surface soil bulk density (Mg rn-3), t is runoff event duration (mm), W is runoff water/soil (suspended sediment) ratio, and V is total runoff during the event (mm). Equation [2] represents a lumped, physically based model for field conditions, based on our detailed kinetic studies in the laboratory , and transfer-to-runoff process studies under simulated rainfall (Ahuja et al., 1982) . For a uniform field, a lumped model has been shown to give results comparable to a distributed model (Emmerich et al., 1989) . By appropriate adjustment, Eq.
[2] can be adapted for use with adsorbed soluble chemicals other than P by inclusion of values of the constants (K, a, and /3) for the kinetics of release from soil of specific chemicals (Sharpley et al., 1988b (Sharpley et al., , 1991b . However, the assumption of an effective depth of uniform mixing was more adequate for P. K, and S than for nonadsorbed chemicals such as nitrate (NO3 ), or pesticides (Ahuja, 1986) . Consequently, we have used separate approaches to model the different groups of chemicals.
In the case of nitrate, this highly soluble chemical tends to move down the soil profile with the initial, infiltrating rain, away from the zone of surface runoff removal. Consequently, nitrate in surface runoff is seldom closely associated with antecedent nitrate contents in surface soil. Exceptions may be when an intense rainstorm occurs shortly after surface application of nitrate-containing fertilizer, or when a soil horizon barrier (e.g., fragipan) in the profile results in interfiow that reappears as surface runoff. Further complicating the association between nitrate content in surface soil and runoff, is the variable content of nitrate in rainfall during a storm.
In the case of certain pesticides, a nonuniform mixing model has been employed that incorporates both infiltration effects and variable mixing during pesticide transfer to runoff. Details regarding this approach can be found in Ahuja (1986) . Briefly, the degree of mixing, M, between rainfall and soil water is assumed to decrease exp onentially with soil depth. That is:
Particulate Chemicals
These chemicals are typically attached to sediment suspended in surface runoff. The sediment is chemically enriched relative to the source surface soil, due to selective erosion of the finer, more sorptive soil and organic particles. The degree of chemical enrichment may be expressed as an enrichment ratio (ER), that is, the chemical concentration of sediment discharged divided by that of source soil. In assembling ER information for the CREAMS model, Menzel (1980) concluded that for particulate N, a logarithmic relation of the type: In ER = i -s Ln sediment discharge; seemed to hold for a wide range of soil-vegetative conditions. For Southern Plains conditions, Sharpley et al. (1991c) recently developed new general equations:
For particulate N,
In ER = 2.14 -0.27 in Sediment discharge, 1-2 = 0.67
For particulate P.
In ER = 1.58 -0.20 In Sediment discharge,
where sediment discharge is in kg ha-'. The greater enrichment of particulate N than particulate P in runoff is attributed to differences in origin of the parent material transported. With N, particulate forms are associated mainly with the lighter more erodible organic materials, whereas with P. particulate forms are associated mainly with the heavier mineral materials.
Once an appropriate ER is obtained, chemical content in the surface runoff can be calculated as:
with soil units as mg chemical kg-1 soil and sediment units as g sediment L 1 runoff. (-bz) [3]
Application of Equations
where z is soil depth (mm), with b a constant, and pesticide concentration in runoff (Cr , mg L-1) is given by:
Where i is soil interval, and C, is pesticide concentration in soil solution (mg L 1 ) after mixing with a rainfall inc rement. The top 20 mm of surface soil is assumed to Co ntribute chemical to runoff. Basically, our nonuniform mixing approach is a simplification of more detailed labor atory approaches based on rainfall-induced accelerated Agricultural chemical discharge calculations were made using appropriate Eq. [1] through [7] , in conjunction with measured surface water and sediment runoff. The predictive equations were formulated from simulated rainfall-runoff studies conducted in the laboratory on the major soil type at each watershed location (Sharpley, 1985a,b; Sharpley and Smith, 1989) . The equation constants (K, a, and 0) and their soil property relationships were calculated separately on the basis of laboratory P (Sharpley, 1983) , K (Sharpley, 1987) , and S (Sharpley, 1990 ) desorption experiments involving 102 U.S. soils. Therefore, the equation constants represent independent values that received no watershed calibration. Actual values of the constants for P. K, and S are given in the aforementioned references.
MATERIALS AND METHODS
Watersheds and Sampling Most of our field testing and validation of concepts regarding chemical discharge in surface runoff has focused on agricultural watersheds across the Southern Plains. This vast area, which comprises most of Oklahoma and Texas and parts of Kansas and New Mexico, represents an extremely wide range of climates, soils, croplands, and grasslands. Thus, it is ideal for assessing concepts regarding chemical discharge under a variable set of environmental and management conditions.
Over the years, approximately 24 watersheds have been used in our water quality studies, typically in cooperation with other area ARS and/or Experiment Station locations. Detailed information about the watersheds has been given in earlier publications (e.g., Smith et al., 1983) . Suffice it to note here that the watersheds provided representation in the Blackland Prairie, Cross Timber, Reddish Prairie, Rolling Red Plain, and Southern High Plain land resource areas (USDA-SCS, 1981) and encompassed a range of areas (1-122 ha), soils (Alfisols, Inceptisols, Mollisols, and Vertisols), slopes
(1-9%), crops (cotton, Gossypium hirsutum L.; oat, Avena sativa L.; peanut, Arachis hypogaea L.; sorghum, Sorghum bicolor L. Moench; and wheat, Triticum aestivum L.), grasses (native and introduced), fertilizer N (0-134 kg ha' yr-1 ) and P (0-40 kg ha -' yr') application rates, and study periods (up to 15 yr).
Surface runoff was measured using precalibrated flumes equipped with water level recorders. Sediment discharge was determined from suspended sediment concentrations in samples taken automatically during each runoff event. After comparison with the runoff hydrograph, all samples (typically 5-15 per event) for a particular watershed were composited in proportion to total flow to provide a representative single-event sample of liquid and sediment for chemical analysis. All runoff samples were collected promptly, and refrigerated at 277 K until analysis. chemical analysis. Particulate chemicals were determined on unfiltered composite runoff samples, adjusted for soluble components. Soluble, particulate, and bioavailable chemical analytical procedures were conducted as described previously (Sharpley et al., 1988c (Sharpley et al., , 1991d Smith et al., 1983) . Chemical concentrations in runoff are reported as flow-weighted means. Chemical discharge from individual storms was summed to calculate annual discharge.
Statistical Analysis
Measured and predicted chemical discharge in runoff was compared using linear regression, analysis of variance for paired data, and standard error of the predicted value (Barr et al., 1979) . The measured value was assumed to be correct, with the standard error all being associated with the predicted value.
RESULTS AND DISCUSSION
Soluble Chemicals Figures 1 and 2 illustrate the type results obtained between predicted and measured mean annual values for soluble K, P. and S, utilizing the kinetic desorption uniform mixing approach. Generally good fits (r2 > 0.9) were obtained in all three cases. The values include a wide range of soils, cropping practices, climates, and watershed conditions. For each chemical, the amounts encompass different orders of magnitude, ranging from <0.01 kg ha-1 for P to more than 50 kg ha-1 for K. Moreover, the chemicals reflect different bonding energies, and include both cationic and anionic type sorption. Consequently, the kinetic desorption approach utilizing Eq.
MEASURED (kg ha -11
[2], should be suitable for various other soluble chemicals.
The prediction of soluble P discharge from the native grass and no-till watersheds (predictive error of 16% mean measured loss) was not as accurate and was generally underestimated compared with the other watersheds (prediction error of 10% mean measured loss) (Sharpley and Smith, 1989 ). This may result from an inadequate representation of the contribution of P release from surface vegetative material to P transport in runoff. Such vegetative material can be an important source of soluble P in runoff (Sharpley, 1981; Timmons et al., 1970) and influence the degree of interaction between surface soil and runoff (D, Eq.
[1] and [21). Even so, there has been limited success in simulating these processes (Schreiber, 1990) .
Results obtained using the nonuniform mixing approach with three major pesticides, atrazine, alachlor, and cyanazine, are illustrated in Fig. 3 . The data, adapted from Heathman et al. (1986) , represent pesticide concentrations in surface runoff from bare, Clarion sandy loam (Typic Hapludolls) plots in Iowa. To induce runoff, the plots had received a 6.35 cm h-1 simulated rainfall. Agreement between predicted and measured pesticide concentrations in runoff was good (r2 > 0.9). Moreover, little adjustment of equation parameters was necessary across chemicals, with the mixing constant varying only slightly (b = 0.6-0.7). Consequently, the nonuniform mixing approach clearly warrants consideration for the prediction of the transport of other pesticides in surface runoff. Figure 4 illustrates the type results obtained between predicted and measured values of particulate N, particulate P, and bioavailable particulate P using the ER approach. As with soluble chemicals, generally good fits (r2 > 0.9) were obtained and the discharge amounts covered several orders of magnitude. On a mean annual basis, they ranged from <0.01 kg ha-1 bioavailable particulate P to 20 kg ha-1 particulate N. Fig. 3 . Relationship between predicted and measured pesticide conce ntrations in surface runoff from bare cropland plots (regr ession slope, coefficient of determination, and degrees Of freedom are given).
Particulate Chemicals

MEASURED (mg L1)
As the relationship between ER and sediment discharge is logarithmic, predicted values of ER will be affected more at lower than higher discharges. Further, preliminary investigation reveals that the constants of the logarithmic ER-soil loss relationships varied between watersheds (Sharpley et al., 1991c 
Discharge from Severe Runoff Events
Accurate prediction during severe storm events is critical, because this is often when sediment and associated chemical transport are greatest . In our area, such storms may provide >5 cm rainfall and can be expected to occur about once per year. As soil erosion progresses during a severe storm event, the main zone of interaction with rainfall-runoff and source of runoff sediment can contain an increasing portion of the subsoil material. Consequently, properties reflecting subsoil material may be more appropriate, for instance, in utilizing the kinetic desorption equation (i.e., Pa, K, a, and 13) to obtain soluble chemical predictions. Similarly, improved particulate chemical predictions may result when enrichment ratios are adjusted for subsoil Significance at the 5, 1, and 0.1% levels, respectively. t Gullies experienced class 4 erosion (Soil Survey Staff, 1951) , and comprised approximately 10 percent of the 4 to 6 ha watersheds, located in Grady County, OK. chemical contents. The type improvements that can resuit are indicated for two extreme cases of highly erodible, native grass watersheds in Table 1 .
Discharge Based on Computed Water and Sediment Runoff
The preceding illustrations of predicting chemical discharge have been made using measured water and sediment runoff from gauged field situations. However, such measurements are not generally available. To this end, we have utilized the hydrology-erosion component of the EPIC model (Erosion-Productivity Impact Calculator) to compute surface water runoff and associated sediment (Smith et al., 1986) . EPIC is a comprehensive model with physically based components for simulating runoff, erosion, plant growth, and related processes (Sharpley and Williams, 1990a,b) . Briefly, the hydrology-erosion component incorporates a runoff energy factor and the modified universal soil loss equation to simulate runoff and sediment discharge on an individual event basis.
The type relationships obtained between predicted and measured N and P discharge utilizing computed runoff water and sediment yields are summarized on a mean annual basis in Table 2 . The summary represents 17 grassland and cropland watersheds across the Southern Plains. Mean annual measured discharge for soluble P, particulate P, and particulate N ranged from 3 to 67, 12 to 458, and 56 to 1457 g ha-1 , respectively. Typically, r2 values were >0.80 and the regression slopes were generally close to unity. No consistent differences (P = 0.01) between predicted and measured values were observed. Considering the range of watersheds involved, the predictions are quite good, comparing favorably to their counterparts in Fig. 2 and 4, using measured runoff. Table 2 . Values of r and slope of the relationships between predicted and measured mean annual N and P discharge using computed water and sediment runoff values.
Particulate N Soluble P Particulate P
Management Applications
Cover Crops Inclusion of cover crops in management systems is gaining renewed interest in efforts to make the systems more sustainable, by maximizing soil N and P utilization while minimizing surface runoff losses (Frye and Blevins, 1989; Hargrove, 1991) . The predictive equations accurately simulated N and P loss in runoff from watersheds with and without cover crops (Fig. 5) f Number of watersheds is in parentheses, and periods of study were 3 to 5 yr (Smith et al., 1986) .
MEASURED (kg ha-lyr-1) Fig. 5 . Relationship between mean annual predicted and measured nutrient discharge from conventionally tilled croplands with and without a cover crop (regression slope, coefficient of determination, and degrees of freedom for the linear nonlogarithmic relationship are given).
winter wheat, with and without a summer forage sorghum cover crop, and peanut with and without a winter small grain cover crop . By dramatically reducing soil loss, cover crops decreased the loss of particulate nutrients (Fig. 5) . However, soluble P loss was in some cases increased with cover crops, due in part to the contribution of P from vegetative material (Sharpley, 1981) .
Animal Manures
The disposal of animal manure from intensive animal operations is an increasingly complex problem facing both the agri-industry and water resources of the Southern Plains. Although the feedlot and poultry industry is of major importance to the economic well being of this region, an association between animal manure disposal and water quality degradation is perceived. In particular, continued manure applications can result in surface soil accumulations of P. For example, soil test P contents (Bray-1) of the surface 10 cm of soil were increased up to 40-fold by long-term (8-35 yr) poultry and swine manure (Sharpley et al., 1991a) and cattle feedlot waste (Sharpley et al., 1984) applications, compared with untreated soils (Fig. 6) .
The of 20 kg ha-1 soil loss from these soils. The runoff and soil loss values are means for all events occurring on our grassed watersheds in the Southern Plains during the last 15 yr. Predicted P concentrations of runoff from the treated sites were greater by several fold than from untreated sites (Fig. 6) . Most of the P was transported in a bioavailable form (87-96%), as grassland erosion was minimal. This hypothetical runoff situation illustrates the potential use of the predictive equations in assessing the relative impact of animal manure disposal on P discharge in runoff, and clearly emphasizes the need to carefully manage such applications to minimize surface water degradation.
RESEARCH NEEDS
Results presented here are encouraging in that they indicate fairly simple approaches can be used to predict both soluble and particulate agricultural chemical discharge over a diverse range of climatic, soil, and land use conditions. To date, most of our attention on soluble soil-fertilizer nutrient discharge has focused on use of the kinetic desorption equation with a uniform mixing approach, whereas soluble pesticide movement has involved use of the exponential equation with a nonuniform mixing approach. This was not by prearranged design, but because the two approaches, their attendant constants, and applications evolved somewhat independently. For instance, we have not conducted rainulator experiments to obtain all the constants necessary to rigorously apply the kinetic desorption equation to pesticides, nor the nonuniform mixing approach to soluble plant nutrients. Instead, most recent attention has focused more on refinement of our initial approaches and methods, which we have outlined.
Further research needs include refinement and development of the predictive equations, data bases, runoff indices, and multidisciplinary systems.
Equation Development. We need to improve the par- titioning of soluble, particulate, and bioavailable chemical forms transported in runoff and their dynamics in lakes. This should focus on the mechanisms of exchange between soluble and particulate forms and development of routine methods to estimate bioavailable P. With the accumulation of P and crop residue at the soil surface with conservation tillage and cover crops, the partitioning processes controlling soluble and particulate chemical release and discharge in runoff may need to be reevaluated. The use of more detailed process-based models for chemical transfer and transport in runoff (e.g., Ahuja, 1990; Wallach and Shabtai, 1992) should also be investigated for field conditions. Data Base Development. A major limitation to water quality model use is often a lack of input data, as many models require detailed information on soil properties and management. Consequently, soil data bases are being developed to provide needed inputs, so that all a model user needs to know are the soil series, type, location, and management.
Runoff Indices Development. A lack of data and experience, often prerequisite to apply complex water quality models, has led to the need for development of runoff indices, which identify the relative potential of soil and management practices to enrich surface waters with agricultural chemicals. Such indices would be a simplified expression or matrix of a complex combination of several factors. They would aid field personnel with limited resources working with land owners, to identify sensitive areas or management practices and suggest alternatives to minimize the risk of surface water quality degradation associated with agricultural chemicals.
Multidisciplinary System Development. Future research should involve both agronomists and limnologists. A great deal of research has been conducted on describing chemical transport in runoff and its fate in lakes. Still, it is difficult to relate lake inputs of agricultural chemicals to a quantitative description of surface water quality.
